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Scientific summary Background
Assessing the severity and spread of a novel influenza strain at the start of a pandemic is critical for informing a targeted and proportional response. It requires understanding of the community burden of infection and disease, which can be determined only through community-level studies. However, rapidly initiating such studies at the start of a pandemic is difficult.
Our experience from the 2009 pandemic showed that recruiting community cohorts through primary care introduced substantial delays. These delays related to the need to recruit and train multiple general practitioner practices and the need to obtain appropriate ethical/research and development approvals for each of these sites. The research project described here was specifically designed to overcome these barriers so that we can measure the key parameters very rapidly in the event of a pandemic.
Aims and objectives
The study aims to establish an efficient system allowing real-time assessment of population susceptibility, spread of infection and clinical attack rates in the event of a pandemic. Specific objectives are to:
1. develop the Health Survey for England (HSE) as a tool for rapid population-based surveys of influenza infection and influenza-like illness rates 2. provide monthly measures of numbers of cases infected and weekly updates on numbers of influenza-like illnesses during the first two infection waves of a pandemic, to act as denominators for national estimates of case fatality and hospitalisation rates 3. assess spread of the novel influenza strain geographically, by age and through time.
Methods
This research project has two components: a pre-pandemic component (currently running) designed to develop and assess a system to monitor population susceptibility, severity and spread of pandemic influenza, and a pandemic component designed to be triggered rapidly in the event of an influenza pandemic.
The monitoring system is designed as a series of cross-sectional serological prevalence studies with retrospective ascertainment of vaccination and respiratory illness history in conjunction with the HSE. The HSE is a series of annual surveys, which have monitored the nation's health since 1991. All HSE surveys involve a stratified random probability sample of private households in England. There are two parts to the HSE surveys: an interview visit, during which a trained interviewer collects information on health and health-related behaviours, and measures height and weight, and, later, a nurse visit, during which additional information, measurements and biological samples are collected.
The system that we have designed simply adds a small number of additional pandemic-related questions for all participants to answer and an extra blood sample (for those aged ≥ 16 years) for serological testing to the nurse visit.
The project is broken down into four phases:
l Phase 1: retrospective validation of 2010 population-level influenza-like illness rates derived from the 2010 HSE by comparison with illness rates from the Flu Watch study (a concurrently running household-level community cohort study of influenza). l Phase 2: pilot of specimen and data collection alongside the 2012 HSE and development of automated analysis and reporting of influenza-like illness and infection rates. l Phase 3: holding phase during which the project is ethically approved each year but triggered only in the event of a pandemic. l Phase 4: real-time monitoring through the first two infection waves of a pandemic using the methods developed in phase 2 in order to provide rapid estimates of severity and spread, and to monitor any changes to these estimates through the pandemic.
Phase 1
In response to the pandemic, we included a special 'swine flu' section in the 2010 HSE survey, in which we asked participants about influenza vaccination uptake and timing, and influenza-like illness, including timing, duration of sick leave and treatment. The availability of prospectively collected illness data from the Flu Watch study and the retrospectively collected data from the 2010 HSE provided an opportunity to compare these two approaches to monitoring levels of disease. Monthly and seasonal age-specific rates of illness and proportion vaccinated were calculated in both data sources and compared.
Phase 2
This phase has piloted the collection of specimens and data on recent illness and vaccination from the 2012 HSE and the transfer of these data and specimens to University College London Hospital (UCLH) for further analysis. Serological protocols and assays are under development, as is the automated analysis and reporting of age-specific rates of influenza-like illness and monthly estimates of the age-specific proportion of the population with protective antibodies accounting for vaccination (for those aged ≥ 16 years) and the proportion vaccinated. Using these data we can estimate the number of infections nationally, which can be used as a denominator by Public Health England (PHE), and the research community, in calculations of the case fatality proportion and rates of hospitalisation (both measures of severity).
Phase 3
Included within each annual HSE planning round and ethics application is the ability to trigger -in the event of a pandemic threat -the collection of an additional 5-ml blood specimen and data on vaccination, and recent respiratory illness history. This will enable rapid roll-out of the system previously described.
Phase 4
In the event of a pandemic, the collection and transfer of specimens and data can be triggered within 1 working week. We will use the automated analytical routines developed in phase 2, continually, to either directly estimate or provide the denominators necessary to estimate pandemic severity, susceptibility and spread throughout the course of the pandemic. Reports will be sent fortnightly to PHE and findings will be presented to key decision-makers through the researchers' positions on government advisory committees and links with key policy-makers.
SCIENTIFIC SUMMARY
NIHR Journals Library www.journalslibrary.nihr.ac.uk
Results
Phase 1
The rates of reported illness during the first two waves of the 2009 pandemic in the HSE greatly underestimated the community burden as measured by the Flu Watch study. The patterns of influenza-like illness rates by age and time were broadly comparable to Flu Watch. The extent of underestimation in the HSE data was greatest for youngest (0-4 years) and oldest (≥ 65 years) age groups, and in those interviewed later in the survey year compared with those interviewed closer to the pandemic.
Uptake of any influenza vaccine in the HSE was 17% in children aged 0-4 years in the unadjusted analysis, but owing to the relatively small number in this age group the confidence intervals (CIs) were wide (3% to 59%). The CI for this estimate includes both the national pandemic vaccine uptake estimate of 24% for children aged 6 months to < 5 years and the Flu Watch estimate of 40% in the 0-to 4-year age group. The HSE estimate in the older adults aged ≥ 65 years was 63% (95% CI 48% to 76%) in unadjusted analysis, again similar to the national average of 72%. The HSE CIs also overlap with the Flu Watch confidence intervals in that age group (point estimate 81%, 95% CI 44% to 96%).
The vaccine uptake time trends between Flu Watch and HSE were very similar and the difference between the HSE adjusted and non-adjusted estimates were almost identical.
Phases 2 and 3
Illness data and serological samples from 2018 participants were collected in the 2012-13 HSE and transferred to UCLH. In the 2013 HSE and onwards, this project was included in the annual HSE ethics and planning rounds.
Conclusions
The HSE's underestimation of illness rates during the first two waves of the pandemic is probably due to recall bias and the limitation of being able to report only one illness when multiple illnesses per season can occur. The multiple illness issue may explain the more extreme underestimation in the youngest age group (who are more likely to have multiple illnesses in a season). The recall bias issue may explain the more pronounced underestimation in the oldest age groups, as their illnesses tend to be milder than younger adults. The CIs for the youngest and oldest age groups were also widest and therefore the estimates were the least precise. Changes to the illness questions (reporting only recent illnesses) and data collection methods (asking about illnesses during the pandemic and not months later) in the 2012 HSE and in the event of a pandemic should help minimise the under-ascertainment issue. The HSE vaccine uptake estimates and timing were similar to national and Flu Watch estimates, and did not seem to be affected by recall bias to the same extent as the illness questions. Additionally, the unadjusted and adjusted HSE estimates were very close, indicating that unadjusted analyses (necessary during a pandemic because of survey weights not being available) would yield reasonable estimates.
We have demonstrated the feasibility of efficiently collecting large-scale representative population-level data and blood samples in real time during an influenza season, and we have established mechanisms to rapidly trigger this system in the event of a pandemic. Ongoing preparatory work includes protocols for development and roll-out of serological assays for a novel influenza virus, and automated processes for data analysis and reporting. Our phase 1 work has also demonstrated the importance of minimising recall bias in illness reporting, and the ability to estimate vaccination uptake through unadjusted analyses of HSE data. The authors are additionally considering the possibility of inviting HSE participants to participate in a follow-on prospective cohort study with self-swabbing for virological confirmation. This could potentially provide more accurate measurements of disease incidence than a cross-sectional study, and greatly enhance the interpretability of the otherwise non-specific respiratory illness data.
Study registration
This observational study is registered as ISRCTN80214280.
Funding
Funding for this study was provided by the Public Health Research programme of the National Institute for Health Research. Serum anti-HA antibodies remain the most consistent correlate of immunity to influenza virus infection. High antibody titres are protective against infection with homologous strains and drifted strains within the same subtype, but there is little evidence of heterologous protection across subtypes.
Mathematical models are used extensively to inform influenza control policies. A recent international consensus document highlighted the key importance of representative serological surveys as the only viable means to infer population-level susceptibility with any accuracy. 1 Measures of population-level susceptibility are central to mathematical models to predict future disease burden and guide response.
However, obtaining representative population samples including information on vaccination is problematic. Many serological studies rely on residual sera from samples taken for clinical purposes or from blood banks, as they can be obtained quickly and often do not require informed consent. 2 However, these samples often have limited clinical or epidemiological data, including vaccine history.
2,3 Surveys using residual clinical samples are biased towards people with chronic illness and therefore towards vaccinated individuals, whereas those using blood banks are biased towards healthy people who are less likely to be vaccinated.
2,3 Absence of information on vaccination is also an important challenge to validity, as serological tests cannot distinguish between naturally acquired infection and vaccination. Direct recruitment of representative population samples with information on vaccination exclusively for the purpose of sero-surveillance is expensive.
The 2009 H1N1 influenza pandemic highlighted limitations of conventional surveillance. Throughout the pandemic, particularly in the early stages, there was a need to assess the severity of disease to determine the proportionality of potentially highly expensive control measures. 4 Reporting of deaths was rapidly implemented but initial estimates of case fatality rates (CFRs) were inappropriately high owing to underestimation of the denominator (number of community cases). For example, the apparent CFR based on internationally reported deaths and laboratory-confirmed cases on the 16 May 2009 was 0.9%, with 95% confidence intervals (CIs) 0.7% to 1.0%. 5 Media reports of case numbers and deaths contributed to a distorted view of severity and political pressure for robust control measures. Attempts were made to identify community case numbers through prospective internet surveys (Europe) 6, 7 or retrospective telephone surveys (USA). 8, 9 These helped to provide better denominator estimates for calculation of CFR. Resulting CFR estimates were considerably lower (0.005-0.04%), but showed approximately 10-fold variations with wide levels of uncertainty. [8] [9] [10] Later in the pandemic, a study of residual sera demonstrated that in some areas of the country a high proportion of younger age groups had become infected during the first wave of infection (period of widespread community infection and transmission), which occurred in the summer of 2009. Given the high infection rates, this indicated that the severity must be extremely low. 11 However, the results of this work were not available until around the time of the peak of the second wave (autumn/ winter 2009), limiting the impact on policy.
In England, the Medical Research Council-funded Flu Watch study, which had followed community cohorts since 2006, gained additional funding to continue throughout the pandemic. The study was able to measure population rates of infection in vaccinated and unvaccinated individuals, and identified much higher clinical attack rates in the community than the rates observed through surveillance data. 12 These measures of population infection rates and clinical attack rates helped to establish that the true CFR for the pandemic strain was, in fact, very low. The work also demonstrated that most infections were asymptomatic. Despite these successes, the experience of trying to rapidly expand the Flu Watch study in response to the pandemic highlighted the fact that recruitment via primary care was too expensive and too slow to enable rapid establishment of a large national cohort. This limited the study's ability to provide timely information to inform decision-makers. After ethical permission was obtained, the process still involved recruitment of general practitioner (GP) practices, agreement of contracts with practices, training of practice staff, research and development approval for each practice from all primary care trusts, random selection of households from the practice register, preparation of individualised recruitment letters, sending out of recruitment letters by practices, and finding convenient appointment times for participants. In addition, conduct of the serological work in the National Reference Laboratory, which was already extremely busy providing an effective service response, led to further delays. This experience has prompted us to explore more efficient methods of measuring the community burden of infection and disease, which can be rolled out extremely rapidly.
Conservative estimates of the cost of efforts to control the 2009 swine flu pandemic in the UK are £1.24B. 4 Dame Deirdre Hine's independent review of the response to the 2009 influenza pandemic highlights that plans 'did not consider sufficiently the possibility that a pandemic might be far less severe than the one it envisioned' (p. 47). 4 There was a high level of reliance on modelling but lack of data on the number of cases severely limited the reliability of these models. 'The major difficulty with producing accurate models was the lack of a "denominator" -a relatively accurate idea of the total number of cases . . . This made calculating the clinical attack rates and the case fatality rates extremely difficult, which in turn made modelling more challenging . . .' (p. 67). 4 The report states that 'research into more effective early surveillance could pay considerable dividends through facilitating earlier decisions on scaling responses up or down, and thereby avoiding precautionary expenditure' (p. 88). Overall project objectives 1. Develop the Health Survey for England (HSE) as a tool for rapid population-based surveys of influenza infection and influenza-like illness rates. 2. Provide monthly measures of numbers of cases infected and weekly updates on numbers of influenza-like illnesses during the first two infection waves of a pandemic to act as denominators for national estimates of case fatality and hospitalisation rates. 3. Assess spread of the novel influenza strain geographically, by age and through time.
Chapter 3 Methods
Overall project methods
This research project has two components: a pre-pandemic component (currently running) designed to develop and assess a system to monitor population susceptibility, severity and spread of pandemic influenza; and a pandemic component designed to be triggered rapidly in the event of an influenza pandemic.
The monitoring system will l collect representative population-level serological specimens with linked clinical and epidemiological data l conduct high-throughput serological assays l run automated data analysis and reporting programmes.
This will be achieved through a series of cross-sectional serological prevalence studies with retrospective ascertainment of vaccination and respiratory illness history in conjunction with the HSE.
Specimen and data collection
The HSE is series of annual surveys that have monitored the nation's health since 1991. 13, 14 All HSE surveys involve a stratified random probability sample of private residences and have covered the adult population aged ≥ 16 years, with children included every year since 1995. There are two parts to the HSE surveys: an interview visit, during which a trained interviewer collects information on health and health-related behaviours and measures height and weight, and, later, a nurse visit, during which additional measurements and biological samples (saliva, urine and blood for those aged ≥ 16 years) are collected. Each annual survey is planned well in advance with ethical permission obtained for each survey. Blood specimens and data are made available for analysis only after the end of each annual survey, meaning that, without the adaptations agreed for this project, the survey could not normally be used for real-time research.
Phase 1
In response to the pandemic, we included a special 'swine flu' section in the 2010 HSE survey, where we asked participants about influenza vaccination uptake and timing, and influenza-like illness, including timing, duration of sick leave and treatment.
Phase 2
For the purposes of this research project, the HSE research nurses collected an additional 5-ml blood sample (for serological analysis) from participants aged ≥ 16 years during the HSE home visits. The samples were transferred to the Newcastle General Hospital microbiology laboratory, which routinely receives and stores HSE samples. Another addition to the normal HSE process was the collection of additional data, recorded on separate forms that were transferred with the specimens. This included basic demographic data, as well as some additional questions on participants' most recent influenza vaccination and whether or not they experienced a 'flu-like' illness in the previous month. These data were collected for all HSE participants (adults and children) regardless of whether or not they had an accompanying blood sample.
Phases 3 and 4
Serological analysis
Phase 2
The Newcastle General Hospital laboratory centrifuged specimens on arrival at the laboratory and prepared two aliquots of serum from each sample. Serum samples were frozen at -80°C and transferred to the University College London Hospitals (UCLHs) microbiology laboratory.
Antibody concentrations in serum samples will be determined using the haemagglutination inhibition assay (HAI). HAI is a rapid, sensitive and inexpensive method for detecting subtype-specific antibody response to influenza A viruses in human sera. The test is based on the ability of the HA protein on the surface of influenza viruses to agglutinate red blood cells (RBCs). Specific attachment of antibody to the antigenic sites on the HA molecule interferes with the binding between the viral HA and sialic receptors on the RBCs. This effect inhibits haemagglutination and is the basis for the HAI. 15 Serial dilutions of sera are mixed with the virus of interest and RBCs. The antibody titres are defined as the reciprocal of the last dilution exhibiting inhibition and are expressed as haemagglutination units. 15 A working aliquot will be made and the original sample kept at -80°C. Samples will be treated to remove non-specific inhibitors before being tested by HAI in batches of approximately 200 samples per week. Results will be verified by a second operator and logged on to the laboratory management software system.
Part of the pre-pandemic component of the research currently under way is the development of efficient protocols for high-throughput serological capacity to be tested on the 2012-13 sera. We will also develop protocols for rapid development and scale up of serological assays in the event of a novel influenza strain to allow roll-out of testing of HSE serological samples as early as possible.
Project analyses and outcomes by phase
Phase 1 (complete)
The availability of prospectively collected illness data from the Flu Watch study and retrospectively collected data from the same time periods for the 2010 HSE provided an opportunity to evaluate the HSE as a tool for monitoring levels of influenza-like illness. Monthly age-specific rates of illness and proportion vaccinated were calculated in both data sources and compared.
Phase 2 (in progress)
This phase has piloted the collection of specimens and data on recent illness and vaccination from the 2012 HSE and the transfer of these data and specimens to UCLH for further analysis. Serological protocols and assays are under development, as is the automated analysis and reporting of age-specific rates of influenza-like illness, monthly estimates of the age-specific proportion of the population with protective antibodies accounting for vaccination and the proportion vaccinated.
Phase 3 (ongoing)
In the 2013 HSE and onwards, this project was included in the annual HSE ethical approval and planning rounds. This enables the HSE to rapidly trigger the additional data and specimen collection required by the project in the event of a pandemic.
Phase 4 (ongoing)
In the event of a pandemic, the collection and transfer of specimens and data can be triggered within 1 working week. We will use the automated analytical routines developed in phase 2 to continually estimate pandemic severity, susceptibility and spread throughout the course of the pandemic. Reports will be sent fortnightly to Public Health England (PHE), and the estimates they contain can inform key parameters in the pandemic nowcasting and forecasting models. Additionally, these estimates can be used as denominators in METHODS NIHR Journals Library www.journalslibrary.nihr.ac.uk measurements of pandemic severity including age-specific rates of influenza hospitalisations and the case fatality proportion. 16 Our findings will additionally be presented to key decision-makers through the researchers' positions on government advisory committees and links with key policy-makers.
Phase 1: detailed methods
Data sources
Details of the 2010 HSE survey methodology have been described elsewhere. 13, 14 The 2010 HSE included a child boost sample (an additional sample of children intended to increase the number in this age group) to increase accuracy of estimates in this age group. In the HSE interview visit, participants were asked if they had experienced a 'flu-like illness, where you felt feverish and had a cough or sore throat?' since May 2009. If they had, then the month and year of that illness was also recorded. They were also asked about influenza vaccinations. Since the interviews for the 2010 HSE took place over the 2010 calendar year, the participants would have been recalling illnesses and/or vaccinations anywhere from the past 9 months (those interviewed in January 2010) to the past 21 months (those interviewed in the December 2010). If the participant had more than one illness during the time period, they chose which one to report.
The comparison data came from the Flu Watch study, a household-based community cohort study of influenza in England. The study has been described in detail elsewhere. 12 In brief, individuals were randomly selected from participating GPs' practice registers and their household was invited to participate in the Flu Watch study. The study took place every winter season and throughout the pandemic between 2006 and 2011, but for the purposes of this analysis we used data collected on illnesses occurring between May 2009 and February 2010, the same months for which the 2010 HSE collected illness data. All individuals in the participating households were contacted weekly to identify episodes of respiratory illness and influenza vaccination. Respiratory illnesses that included symptoms of cough and/or sore throat plus either a confirmed fever of ≥ 37.8°C or a feeling of 'feverishness' were considered episodes of illness as that was the closest approximation to the HSE question about previous 'flu-like' illness.
The national influenza vaccination uptake estimates were taken from the Department of Health and the Health Protection Agency annual reports of influenza vaccine uptake. 17, 18 In England, the 2009-10 seasonal influenza vaccine was offered to all of those aged ≥ 65 years and those patients aged 6 months to < 65 years in a clinical risk group. Carers who are in receipt of a carer's allowance or are the main carer for an elderly or disabled person are also recommended to be offered seasonal influenza vaccine. 18 When the pandemic vaccine became available on 21 October 2009, it was initially offered to individuals aged 6 months to 65 years in the current seasonal influenza vaccine clinical risk group, all pregnant women, household contacts of immunocompromised individuals, and all of those aged ≥ 65 years who were also in the current seasonal vaccine clinical risk groups. In December 2009, the pandemic vaccination programme was expanded to healthy children aged from 6 months up to 5 years. 17 
Statistical analysis
Statistical analyses were conducted in Stata statistical software, version 13 (StataCorp LP, College Station, TX, USA). Having an episode of illness during the month was the binary outcome variable used in the analysis. Episodes of illness were recorded by the month in the HSE and by the week in Flu Watch. For comparability, we collapsed the Flu Watch data by the month and created an analogous binary outcome variable for any illness that month. We used Poisson regression to calculate monthly age-specific rates of illness separately for each data set in three broad age groups (0-15 years, 16-64 years and ≥ 65 years). Owing to the small number of events in some months, we were unable to stratify the monthly rates by more than three age categories. These regressions accounted for the studies' sampling designs and survey response weights. To further investigate patterns of illness by age group, we calculated seasonal age-specific rates of illness in each data set during the first two waves of the pandemic for nine age groups (0-4 years, 5-15 years, 16-24 years, 25-34 years, 35-44 years, 45-54 years, 55-64 years, 65-74 years, ≥ 75 years) using the same regression techniques. We then compared these seasonal rates of illness between the two studies by calculating age-specific rate ratios in these nine age groups using Poisson regression, and graphed the results.
We hypothesised that the HSE seasonal illness rates during the first two waves of the pandemic might differ depending on the time of year the interview took place as a result of recall bias and/or the increasing possibility of multiple illnesses accruing as the follow-up time period increases. To investigate this we calculated age-specific rate ratios of illnesses occurring during the first two waves of the pandemic, comparing participants interviewed in the first quarter of 2010 with those interviewed in the second, third and fourth quarters of 2010, using Poisson regression and Wald tests.
We also calculated the month-and age-specific proportion vaccinated with any type of influenza vaccine (seasonal or pandemic) over the second wave of the pandemic (autumn-winter in the two data sets and compared these graphically to each other and to national estimates of seasonal and pandemic vaccine uptake.
In phases 2 and 4, the most important function of the vaccination history questions will be to inform the interpretation of individuals' serology results; however, we will also take advantage of the available data and calculate the age-specific proportion vaccinated. We will not be able to use the HSE probability weights in these real-time analyses, as the weights will not be calculated until after the HSE data collection period has ended. In order to investigate whether or not our real-time estimate of vaccine uptake will be biased by the fact that we cannot account for the study design and response rates, we calculated the vaccine uptake proportions with and without these weights and compared graphically.
METHODS
Chapter 4 Results
Phase 1: results Survey response in the 2010 HSE is described elsewhere. 19 In brief, at the household level, 66% of eligible households from the general population sample and 70% of eligible households from the boost sample were interviewed. Interviews were obtained with 86% of adults and 93% of children in participating households. 19 In Flu Watch, roughly 10% of invited households participated in the cohort study.
12
The illness rates seen in the Flu Watch study were generally much higher than those reported in the HSE ( Figure 1 and Table 2 ). Illness rates were highest in children and young adults, and gradually decreased as age group increased. The general patterns of illness by age group were similar between the two studies in the older children and adult population, but less so in the youngest (0-4 years) and oldest (≥ 65 years) age groups where the Flu Watch study captured much higher rates than the HSE (see Table 2 and Figures 1  and 2 ). Both studies show the characteristic two-wave pattern of the UK pandemic experience, with rates peaking during the summer of 2009 (wave 1) and again in October and November 2009 (wave 2).
We found evidence that the rates of illnesses reported as occurring during the first two waves of the pandemic were associated with the timing of the participant interview. In general, the later in 2010 the interview took place, the lower the rates of illness reported during the first two waves of the pandemic ( Table 3) . There was strong evidence of the association between the rates of illness and interview quarter in children and adults (both p-values of < 0.001). The stratum-specific rate ratios in the elderly were in the right direction; however, there was no statistical evidence to support the association (p = 0.610).
Uptake of any influenza vaccine by the end of February 2010 in the HSE was 14% (95% CI 2% to 55%) in children aged 0-4 years in the survey adjusted analysis and 17% (95% CI 3% to 59%) in the unadjusted Age group (years) FIGURE 2 Age-specific rate ratios and associated CIs comparing Flu Watch with HSE seasonal rates of illness during the first two waves of the pandemic. analysis (Figure 3a) . The CIs for these estimates were wide because of the small number of individuals in this age group and both estimates include the 24% national pandemic vaccine uptake estimate in those aged 6 months to < 5 years (measured at the end of March 2010) 17 and the Flu Watch estimate of 40% (95% CI 2% to 96%). Both the HSE and Flu Watch data clearly show an increase in vaccination starting in December 2009 , corresponding with the extension of the pandemic vaccination programme to include healthy children aged 6 months to < 5 years of age. 17 The HSE estimate in the older adults aged ≥ 65 years was 63% for both the adjusted and unadjusted analysis with 95% CIs of 44% to 78% and 48% to 76%, respectively (see Figure 3d) . These CIs include the 72% national estimate for seasonal vaccine uptake in this age group. 18 The Flu Watch estimates for any influenza vaccination this age groups was 81% (95% CI 40% to 96%).
The age-specific time trends for vaccine uptake were similar in the HSE and Flu Watch data (see Figures 3a-d) .
The adjustment for study design and non-response weights in the HSE data set made a negligible difference to the point estimates and CIs regardless of age group or month. The Flu Watch vaccine uptake estimates had much wider CIs than the HSE estimates. 
Chapter 5 Discussion
Phase 1
The HSE data showed the same broad patterns by age and over time as the Flu Watch data, but the overall magnitude of influenza-like illness was greatly underestimated. The large differences in illness rates between the HSE and the Flu Watch study highlight some of the challenges of retrospectively collecting population-level data on acute illnesses using a cross-sectional study design. The Flu Watch study was designed to accurately estimate the community burden of illness by prospectively collecting data through active weekly follow-up of a population-based cohort. For this reason, it is considered the 'ground truth' to compare against the HSE data. The 'flu-like' illness questions in the HSE underestimate the ground truth for a number of reasons. The questions asked about only one previous episode of illness, therefore missing any further respiratory illnesses that may have occurred in that same influenza season (allowing for multiple illnesses in Flu Watch data increases overall seasonal illness rates during the pandemic by about 2%). This may explain why in the youngest age group the HSE more severely underestimated the illness rates compared with the Flu Watch study, although it would not readily explain why the same thing happened in the oldest age groups. Recall bias was also likely to play a factor, as participants were asked to recall illnesses occurring many months previously, some of which may have been relatively mild. This may better explain the HSE's more severe underestimation of rates in the oldest age groups, as their illnesses are, on average, milder and less likely to lead to a fever compared with younger adults, and, as a result, these illnesses may be less memorable many months later and subject to greater recall bias. Additionally, as the 2010 HSE interview schedule continued into the autumn and winter, a new influenza season had begun, thus some individuals began reporting the most recent illness instead of the illnesses occurring during the first two waves of the pandemic (our primary time period of interest).
To overcome the limitations of measuring acute respiratory disease incidence using a cross-sectional study design, we are taking the following two complementary approaches.
The first approach is to change the way we ask about respiratory illnesses in order to limit recall bias and reduce the chance of multiple illnesses episodes over the reporting period. In phases 2-4 of this study, the 'flu-like' illness questions collect data on illnesses that occurred only in the past month, thus minimising recall bias and the likelihood of having multiple episodes of illnesses during that time period. Although shorter time periods could be used, this would reduce the number of events reported and therefore decrease the precision of the estimates.
Another approach we are investigating is to invite HSE participants into a follow-on Flu Watch-like cohort designed to prospectively collect illness data after the HSE interview. This could potentially provide an opportunity for participants to submit nasal swabs during future respiratory illnesses for virological confirmation of influenza and other respiratory viruses. This virological confirmation would greatly enhance the value of the influenza-like illnesses data by addressing one of its main limitations, the lack of specificity to influenza.
Many respiratory viruses can cause influenza-like illness, not just the influenza virus. The proportion of influenza-like illnesses that are due to influenza will vary over time, depending on how much influenza is circulating and the types and rates of other viruses circulating at the same time. The proportion may also vary by age and by influenza strain. For example, H3N2 strains are sometimes thought to be more severe than H1N1 strains. 12 As we are unable to predict these parameters in a future pandemic situation, we have not tried to account for them in this analysis nor will we account for them in our automated analyses in an attempt to estimate the number of influenza-like illnesses caused by influenza viruses. In the event of a pandemic, we will be sharing our results with PHE, who may include our findings in their weekly influenza surveillance reports. This would enable other researchers to use our data and adjust for these factors accordingly.
The retrospective reporting of influenza vaccination was more accurate than the retrospective reporting of illnesses. The 95% CIs for the HSE vaccine uptake estimates included the national point estimates in the age group at which vaccines were routinely offered and also often included the Flu Watch point estimates. This is probably owing to the fact that the HSE provides a 'gold standard' representative population sample. The vaccine uptake in those aged < 5 years was largely driven by pandemic vaccine uptake, as only at-risk children in this age group would have been offered seasonal vaccination. This is also evidenced by the boost in vaccine uptake occurring at the time of the extension of the pandemic vaccination programme to all healthy children in this age group. The high vaccine uptake seen in all age groups in the Flu Watch may be due to selection bias, for which those who agreed to participate in the time intensive Flu Watch study were more health conscious and thus more likely to get vaccinated than the general population, or a 'priming' effect of participating in Flu Watch increasing the parents' awareness and/or views of salience of the influenza vaccination when offered this.
The differences in the HSE vaccine uptake estimates produced with and without adjustment for sampling design and non-response weights were almost identical, indicating that an unadjusted analysis of vaccine uptake during a pandemic would give fairly representative estimates.
Phases 2 and 3
The collection and transfer of samples and data from the 2012-13 HSE is complete. As the laboratory and statistical analysis of phase 2 continues, it is becoming clear that this pre-pandemic work will be crucial for a rapid, efficient and accurate research project should a pandemic arise. Having a test run for these systems allows the surfacing and resolution of any issues that inevitably arise when planning research on an unknown pandemic influenza virus arising at an unknown date. It also gives time to build links with the relevant researchers and stakeholders who would be involved in a future pandemic response. The preparatory work maximises the opportunity to provide timely results and inform the pandemic response.
The main limitation of the serological portion of this study is the lack of blood samples from children aged < 16 years. We could potentially overcome this limitation with the use of saliva samples (collected for this age group in the HSE) if methods to detect influenza antibodies in saliva become available. An additional limitation of serology data is that a small proportion of individuals do not elicit an antibody response when infected with influenza. In Flu Watch data, this proportion was relatively small [87.5% of individuals with laboratory-confirmed influenza A viral shedding (determined through polymerase chain reaction) had a fourfold rise in antibody titres, a further 1.4% had a twofold rise, and only 11.1% had no titre rise]. 12 However, there is evidence suggesting that the proportion of infections that lead to little or no antibody response may vary by virus subtype and season, therefore, a simple inflation based on previous estimates would be inappropriate. 20 We will acknowledge these limitations in our automated reports.
DISCUSSION
Chapter 6
Conclusions W e have demonstrated the feasibility of efficiently collecting large-scale representative population-level data and blood samples in real time during an influenza season, and we have established mechanisms to rapidly trigger this system in the event of a pandemic. Ongoing preparatory work includes protocols for development, and roll-out of serological assays for a novel influenza virus and automated processes for data analysis and reporting. Our phase 1 work has also demonstrated the importance of minimising recall bias in illness reporting by limiting recall periods. It has given us ideas of how we might improve measurement of respiratory disease incidence by building on the current study. It has also demonstrated the accuracy of retrospective reporting of vaccination and necessary unadjusted analyses of vaccine uptake. 
